Colorectal cancer (CRC) is the third leading cause of cancer death in the United States (1) . Angiotensin-converting enzyme inhibitors (ACE-Is) and angiotensin receptor blockers (ARBs) are two classes of commonly used antihypertensive agents that mediate their effect by the renin-angiotensin system. There has been in vitro and in vivo evidence that angiotensin II is involved in promoting cancer development and that ACE-Is may play a role in cancer prevention. Angiotensin II stimulates neovascularization (2) , which is a requirement for tumor growth (3) and stimulates cell proliferation (4) . Renin, an enzyme that produces angiotensin, is found in cancer blood vessels (5) . Angiotensin II induces cell proliferation and DNA synthesis in intestinal epithelial cells (6) . In a colon cancer cell line, ACE-Is and ARBs in combination with cyclooxygenase (COX)-2 inhibitors inhibited the insulin-like growth factor I receptor (IGF-IR) pathway, leading to statistically significantly reduced tumor growth (7) . Several observational studies and secondary analyses of data from clinical trials have investigated the association between ACE-I/ARB use and the risk of CRC or overall cancer risk. These studies have yielded conflicting results and might be limited by relatively small sample size, short duration of follow-up, and/or potential detection bias (8) (9) (10) (11) (12) (13) .
Given the widespread clinical use of ACE-Is and ARBs, elucidating their potential association with cancer risk has clinical importance. Therefore, we conducted a nested case-control study among a cohort of patients with hypertension in the General Practice Research Database (GPRD) to determine whether exposure to ACE-I/ARB therapy was associated with a decreased incidence of CRC.
Methods
all forms of health care through their general practitioners. The database is broadly representative of the UK population in terms of age, sex, and geography. Information is prospectively collected in the database and includes demographic information, prescriptions, clinical diagnoses, specialty consultation notes, and hospital discharge diagnoses.
We limited our analysis to up-to-standard (UTS) data in the GPRD. An UTS date in each practice is generated based on an assessment of the completeness, continuity, and plausibility of data recording in key areas in accordance with the GPRD Recording Guidelines. Previous studies have shown that information on prescription use, diagnoses, and hospitalizations in GPRD is of excellent quality. The diagnosis of CRC has been previously validated within GPRD (14) .
Study Cohort
Of the 9.4 million patients followed in GPRD in the period from 1987 to 2002, the eligible study cohort included those who met the following criteria: a diagnosis of hypertension or hypertensionrelated complication; at least 365 days of UTS database followup following the first diagnosis of hypertension recorded after the UTS date; absence of CRC diagnosis on or before 365 days of UTS database follow-up after the first diagnosis of hypertension; and absence of incident CRC diagnosis before age 50 years. A total of 546 265 patients met these criteria ( Figure 1 ). Approval was obtained from the University of Pennsylvania Institutional Review Board and from the GPRD Scientific and Ethical Advisory Group.
Case Patients
Within the eligible hypertension cohort, there were 2847 case patients defined as having a first diagnosis of CRC 1) at least 1 year after the start of UTS database follow-up, 2) at least 1 year after the diagnosis of hypertension, and 3) after age 50 years. These criteria helped ensure the inclusion of incident sporadic CRC case patients only.
Control Subjects
Up to 10 control subjects without CRC were selected for each case from the study cohort using incidence density sampling (ie, case patients were matched to control subjects who were still atrisk for CRC at the index date) and matched on sex, year of birth (±1 year), index date (date of first diagnosis of CRC for matching case patient), and both calendar period and duration of UTS follow-up after the incident diagnosis of hypertension before the index date. For six case patients with no matching control subjects, the criterion for year of birth was expanded to match on ±2 years of year of birth so that at least one matching control subject could be identified. The incidence density sampling methodology allowed us to generate odds ratios (ORs) that are unbiased estimates of hazard ratios as in a proportional hazard analysis (15) .
Validation of Hypertension
We calculated the proportion of patients in the case-control analysis who had elevated blood pressure (systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg) recordings or prescriptions for antihypertensive medications as a measure of the validity of the hypertension diagnosis in the database.
Exposure
The exposure of interest was ACE-I or ARB therapy before index date. Based on published data (8), a beneficial effect of ACE-Is is likely only apparent after 3 years of exposure. Therefore, our primary exposure of interest was 3 or more years of exposure to ACE-Is or ARBs.
Individual periods of ACE-I and ARB exposure were determined according to the intended duration of each prescription recorded in the database. Exposure was also categorized a priori into increasing durations of cumulative exposure (no exposure, <3 years, 3-5 years, and >5 years). ARB therapy comprised only 2% of the total ACE-I/ARB prescriptions; a sensitivity analysis of ACE-Is alone was performed but could not be performed for ARB therapy alone given the small numbers of ARB prescriptions.
A dose-response effect was assessed based on average daily dose. For those patients with concurrent ACE-I and ARB therapy, the average dose was calculated by summing the dose of both ACE-I and ARB therapy.
Patients were potentially exposed to multiple medications within the same antihypertensive drug class during the follow-up period. Therefore a common metric was used: the defined daily dose (DDD), which is the assumed average maintenance dose per day (in milligrams, grams, etc) for a drug used for its main indication in adults (Supplementary Table 1 , available online) (16) .
Potential Confounder Variables
Data were also collected on variables potentially associated with the risk of CRC and the use of ACE-Is and ARBs. These included body mass index, smoking history, history of cholecystectomy, diabetes mellitus, other medication exposures (ie, hormone replacement therapy, statins, aspirin and nonsteroidal anti-inflammatory drugs [NSAIDs], insulin, oral hypoglycemic agents, calcium, folate), and frequency of physician contacts during the UTS follow-up time period after the incident diagnosis of hypertension.
Medication exposures were defined as none, short-term use (<3 years), and long-term use (≥3 years) and were based on cumulative exposure after the start of UTS follow-up until the index date.
Statistical Analysis
Conditional logistic regression was used to estimate the unadjusted and adjusted odds ratios (AORs) and 95% confidence intervals (CIs) for the association of ACE-I/ARB exposure and CRC. Potential confounders that led to a change of at least 10% in the crude odds ratio were chosen for inclusion in the multivariable regression model (17) .
Secondary Analyses
To explore the possibility of unmeasured confounding, several secondary analyses were also performed. Odds ratios for CRC associated with increasing durations of exposure to calcium channel blockers, beta-blockers, and thiazide diuretics were calculated. The preponderance of epidemiological evidence to date argues against a substantive association between these medications and CRC risk (18) (19) (20) (21) . Evidence of notable benefit with these other drug classes in our dataset would therefore suggest the potential for unmeasured confounding. A dose-response analysis for calcium channel blockers was also performed in the same manner as for ACE-Is. This was not performed for thiazide diuretics or beta-blockers because of a high number of missing values for the medication dose variable.
Patients who are receiving active hypertensive treatment may have more frequent physician contact or healthier behaviors, which may potentially influence CRC risk. Unmatched analyses restricted to the subgroup of study patients who received antihypertensive medications during follow-up (n = 25 292) were performed to assess potential bias or confounding related to these factors. In this restriction analysis, we assessed the association between the respective classes of antihypertensive medications and CRC risk. We also directly compared subjects exposed to ACE-I/ARB therapy alone vs those exposed to other antihypertensive agents exclusive of ACE-I/ARB therapy. CRC incidence associated with increasing durations of mutually exclusive exposure was assessed (<3 years and ≥3 years). Odds ratios were estimated using nonconditional logistic regression in the unmatched analyses adjusted for the original matching factorsof age, sex, and duration of follow-up besides the covariables included in the primary analysis.
All analyses were performed with Stata version 8.0 (StataCorp, College Station. TX). A P value of less than .05 was considered statistically significant for all analyses. All statistical tests were two-sided.
results
The 2847 incident CRC case patients were matched with 28 239 control subjects (Table 1 ). All case patients were matched with at least one control subject, with 2786 case patients matched with 10 control subjects. In the unadjusted analysis, diabetes mellitus, average number of physician visits per year, folate use for less than 3 years, and long-term (i.e., at least 3 years) use of aspirin/NSAIDs, thiazides and beta-blockers' use for more than 3 years were the only variables statistically significantly associated with CRC risk (Table 1) . More than 96% of the patients had either at least two documented elevated blood pressure measurements or at least one antihypertensive prescription.
Of case patients and control subjects, 7.27% and 7.74%, respectively, had 3 ore more years of exposure to ACE-Is/ARBs before the index date. In the primary analysis, the only variable associated with a greater than 10% change in the unadjusted odds ratio for ACE-I/ARB exposure was the average number of doctor visits per year. Therefore, the final adjusted model only included this variable, in addition to the matching factors as covariables. In the adjusted model, 3 or more years of cumulative exposure to ACE-Is/ ARBs was associated with a lower risk of CRC (AOR = 0.84; 95% CI = 0.72 to 0.98; P = .03) and 5 or more years of cumulative exposure associated with an adjusted odds ratio of 0.75 (95% CI = 0.58 to 0.97; P = .03) ( Table 2 ). Because visits during the last year before the index date might be related to the cancer outcome, we conducted a sensitivity analysis in which the average number of doctor visits was calculated excluding the visits in the last year before the index date. To more reliably estimate the average number of visits, we restricted this analysis to those patients who had at least 2 years of follow-up time. The effect estimates in this analysis are similar to those in our primary analyses, but the confidence interval was slightly wider because of the smaller sample size (AOR = 0.79, 95% CI = 0.61 to 1.02, P = .08 for ≥5 years of ACE-I/ARB exposure; AOR = 0.89, 95% CI = 0.77 to 1.04, P = .18 for ≥3 years of ACE-I/ ARB exposure). When we repeated our primary analysis for 3 or more years of ACE-I/ARB exposure after including all the potential confounders in the regression model, the adjusted odds ratio of 0.85 (95% CI = 0.73 to 0.99; P = .04) was very similar to those from our primary multivariable model. Analyses limited to ACE-I therapy without ARB therapy also produced similar findings (Supplementary  Table 2 , available online).
Similar analyses of increasing duration of therapy with calcium channel blockers, thiazide diuretics, and beta-blockers all demonstrated nearly statistically significant associations for 5 or more years of exposure (Table 3) .
Using the DDD system for ACE-Is/ARBs and calcium channel blockers (Supplementary Table 1 , available online), both duration and average dose were calculated. Long-term (≥3 years of continuous use)/high dose (≥2 DDD) exposure to ACE-Is/ARBs was associated with an adjusted odds ratio of 0.53 (95% CI = 0.35 to 0.79; P = .003) ( Table 4) . A similar relationship for long-term/high-dose exposure to calcium channel blockers was not observed.
The unmatched analyses restricted to the subgroup of patients exposed to antihypertensive medications resulted in slight attenuation of effect for all medication classes (Table 5) . However, exposure to high-dose ACE-Is/ARBs (≥ 2 DDD) for 3 or more years was associated with a reduced risk of CRC (AOR = 0.59; 95% CI = 0.39 to 0.89; P = .01) ( Table 6 ). In contrast, long-term and high-dose calcium channel blocker use was not associated with CRC risk (AOR = 0.94; 95% CI = 0.53 to 1.67; P = .84).
Finally, unmatched analysis comparing those exposed to ACE-Is/ARBs alone with those exposed to other antihypertensive agents exclusive of ACE-Is/ARBs suggested a duration-response effect: patients with 3 or more years of ACE-I/ARB exposure alone compared with those exposed to any other antihypertensive agents for 3 or more years exclusive of any ACE-I/ARB exposure had a decrease in CRC risk, with an adjusted odds ratio of 0.67 (95% CI = 0.47 to 0.97; P = .03). No association was observed for less than 3 years of ACE-I/ARB exposure compared with less than 3 years of other antihypertensive medications (AOR = 0.94; 95% CI = 0.75 to 1.17; P = .45).
Discussion
We found that long-term use of ACE-Is/ARBs, particularly at high-dose, was associated with reduced CRC risk in a cohort of patients with hypertension. These data support the laboratory findings demonstrating a relationship between angiotensin II inhibition and colon cancer cell growth (7) .
Existing data regarding the effect of ACE-Is/ARBs on cancer risk are inconclusive. Two cohort studies yielded conflicting results regarding a benefit on reducing overall cancer risk (8, 9) . In a cohort study of 17 897 ACE-I users followed for an average of 3.7 years, Friis et al. found a standardized incidence ratio for overall cancer of 1.07 (95% CI = 1.01 to 1.15) (9), whereas Lever et al. reported a relative risk of 0.72 (95% CI = 0.55 to 0.92) for overall cancer (8) . A recent systematic review showed that ACE-I or ARB use may be associated with improved outcomes in cancer patients, including patients with metastatic CRC (10) . A secondary analysis of data from randomized controlled trials did not find an association between ACE-I or ARB use and cancer risk, although the durations of follow-up were relatively short among the trials included (11) . Regarding the risk of colorectal neoplasia specifically, a recent cohort study reported that long-term lisinopril use was associated with a 41% reduction in the risk of advanced colorectal adenoma (12) . However, another case-control study assessing ACE-I exposure among 665 CRC case patients and an equal number of control subjects did not demonstrate a statistically significant association with CRC risk (13) . Two important limitations of this study were a small sample size and a short duration of exposure (total of 106 case patients and control subjects exposed for ≥2 years to ACE-Is). * Results were obtained from conditional logistic regression models. All statistical tests were two-sided. ACE-I = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; CI = confidence interval; DDD = defined daily dose; OR = odds ratio. † Adjusted for average number of doctor visits during follow-up (only variable leading to >10% change in odds ratio). Our large population-based study extends the existing evidence. The large number of case patients allowed us to perform a series of restriction and stratified analyses to minimize the threat of potential confounding. Furthermore, the CRC diagnosis in the GPRD has been externally validated (14) , and prescription medication exposure is well recorded in the database. We also found the diagnosis of hypertension to be valid in GPRD.
We chose to limit the source cohort to only patients with hypertension in an attempt to limit at least some confounding and/or bias that could be present between patients who have a chronic medical illness that requires regular physician contact and those who do not. We also adjusted for number of physician visits. Furthermore, regular follow-up with a physician may lead to greater adherence with screening guidelines that in the long-term lead to decreased CRC risk, which could have biased the results of previous studies assessing this association. However, this effect can be expected to be negligible in our study because there was no established CRC screening program in place in the United Kingdom during the study period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Indeed, when we repeated our primary analysis after excluding the small proportion (<2.5%) of study patients who underwent presumed screening colonoscopies or flexible sigmoidoscopies (ie, > 6 months or 1 year before the date of CRC diagnosis, respectively), the results were virtually unchanged (ie, AOR associated with ≥3 years of ACE-I/ARB exposure changed from 0.84 to 0.85).
The presence of a statistically significant association with high-dose, long-term therapy even in the analysis restricted to the subgroup exposed to antihypertensive agents suggests that the observed effect of ACE-I/ARB exposure is unlikely to be due to unmeasured confounding. Finally, the presence of a decreased rate of CRC among those exposed to 3 or more years of ACE-I/ARB therapy alone when compared with those exposed to other antihypertensive medications exclusive of ACE-Is/ARBs is further support for an association that cannot be explained by confounding from simply being on antihypertensive therapy. In total, evidence from this analysis indicates potential benefit that is more evident in those receiving long-term and high daily dose therapies.
A number of potential limitations warrant consideration in this study. Given the large number of missing data for body mass index and tobacco exposure, these variables could not be fully assessed. However, because there are no practice standards or guidelines suggesting that ACE-Is would be more or less likely to be used than other antihypertensive agents in patients who are smokers, it is less likely that smoking would be a notable source of confounding in this analysis. There have been some reports suggesting that ACE-Is may be a preferred choice in obese patients (22) (23) (24) (although a majority of these reports would have been published after the prescribing dates in this study). Given that obesity increases the risk of CRC, this would have resulted in an increased risk of CRC with ACE-I use. Our analysis restricted to those with a recorded body mass index and smoking information did not lead to a change in the association between ACE-I/ARB use and CRC incidence.
One other potential concern would be unmeasured longterm NSAID/aspirin exposure due to over-the-counter exposure. However, a prior survey of GPRD patients revealed that nearly all long-term NSAID/aspirin use was by prescription, with GPRD prescription data correctly identifying 98% of patients who were chronically exposed (≥180 days of exposure in a 1-year period) to NSAIDs or aspirin (25) .
We could not capture ACE-I use before patient enrollment in the database. Therefore we could have underestimated the duration of exposure. This would have biased against observing an association with longer duration of therapy. In fact, when non-UTS ACE-I exposure was included, there was a slightly stronger inverse association with CRC risk (data not shown).
In summary, ACE-Is appear to possibly be associated with a decreased risk of CRC, although the preponderance of evidence from this analysis indicates that the potential benefit may be somewhat modest and may be more evident in those receiving higher doses of medication for a long period of time. These results suggest that the angiotensin pathway is a potential target for development of new chemopreventive agents for CRC. * Results were obtained from unmatched analyses using non-conditional logistic regression models. .All statistical tests were two-sided. ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; CI = confidence interval; DDD = defined daily dose; OR = odds ratio. † Adjusted for average number of doctor visits during follow-up, age, sex, and duration of follow-up.
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